To develop an improved surface conformation of titanium web (TW) scaffold, we examined the in vitro and in vivo biocompatibility of a thin hydroxyapatite (HA) deposited by pulsed laser ablation. Thin HA film was deposited on titanium discs using an pulsed laser operating at a repletion rate of 10 Hz and annealed by heating at 380 °C for 1 h. The presence of HA not only along the surface but also in the TW inner region was confirmed by the elementary mapping of calcium, phosphorous, and titanium. X-ray diffraction pattern showed that crystalline HA was present in the HA coating. Microscopic images after actin staining with rhodamine phalloidin revealed that the spread of clonal stromal cells was markedly greater on HA coating than on untreated TW. When infused with clonal stromal cells, the HA-coated TW could indeed generate bone formation in the backs of nude mice. However, the appearance of new bone was not enhanced by the HA coating, likely because air in the porous scaffold during cell loading reduces the cell-scaffold contact. Mild vacuum loading techniques might enable differences of osteo-differentiation between HA-coated TW and non-coated TW to emerge.
Introduction
Titanium web (TW) has excellent mechanical properties in terms of stiffness and elasticity 1) . Further, it is bone compatible and easily handled during surgery. An additional advantage is that the TW can be supplemented with a very thin hydroxyapatite (HA) coating. It is generally assumed that HA coatings enhance the bone formation process 2) .
HA coatings are typically manufactured by plasma spray, ion sputtering and pulsed-laser deposition (PLD) 3) 4) . PLD methods allow the deposition of very thin coating as well as control of surface roughness and ablation of any material, therefore providing strong bonding between the coating and substrate. A previous study 4) showed that PLD can produce an ultra-thin HA coating with improved mechanical properties, including increased tensile strength and decreased coating thickness. Moreover, in vivo 5) and in vitro studies 6) have shown that titanium implants coated by PLD with an ultra-thin HA coating are strongly biocompatible.
However, TW is a three-dimensional material comprising intertwined titanium fibers. It might be difficult to deposit an HA layer throughout the inner region of TW. In our previous study 7) , HA was coated onto a porous implant using the PLD technique, and the homogeneity of the extent of bone growth in pores inside the implant was investigated. The HA-coated implant exhibited an enhanced degree of new bone growth deep within the porous structure 7) . Thus, thin apatite coating should be deposited not only on the surface but also within the TW inner region.
One alternative to bone grafting is tissue engineering, in which a scaffold seeded with osteogenic cells is used for bone repair and reconstruction 8) . Biocompatibility and osteogenesis are the basic requirements in the selection of seeding cells and scaffold materials for engineering bone substitutes 8) . Multipotent mesenchymal stem cells have been isolated from adult marrow and were shown to proliferate extensively, while maintaining the ability to differentiate into multiple cell types such as osteoblasts, chondrocytes, and myoblasts in vitro [9] [10] [11] . In the present study, we investigated in vitro cytocompatibility and ectopic osteogenicity for PLD-manufactured HA-coated TW (HATW) as a scaffold seeded with clonal stromal cells, using tissue engineering technology.
Materials and Methods

Titanium web (TW)
TW (HI-LEX Corp., Hyougo, Japan) with a volumetric porosity of 87% and a fiber diameter of 50 µm was used. Commercially available pure titanium (cp-Ti) fiber (JIS, Japan industrial Specification H 4600,JIS, 99.9 mass%. Ti) were used as the TW material. The diameter of the TW disk was 5 mm and thickness was 1.5 mm. The TW was constructed by intertwining a multiplicity of thin titanium fibers. The fibers were bonded at their points of contact using a sintering process. This fabrication process results in a highly porous interconnected TW structure.
HA coating
HA (Japan Chemical Co., Sapporo, Japan) powder was pressed at 150 MPa in a cylindrical steel die to form 20-mm-diameter, 2mm-thick disks. These HA disks were used as targets for PLD. Coating from six directions will ensure more homogeneous thickness even deeper within the TW. Typical average deposition rate was 0.8 nm/min. Because the deposition time for each direction was 40 min, total deposition time was 4 h. HA coating was prepared and annealed by heating at 380 °C for 1 h (at heating and cooling rates of 1.5 °C/min) in water vapor generated by bubbling O 2 gas through a water bath.
Energy dispersive X-ray (EDX) analysis
The effectiveness of the HA coating on the surface or inside the TW was evaluated by energy dispersive X-ray analyzer (EDX, KRA8800, Ametek Co., Tokyo, Japan) at an accelerating voltage of 25 kV by detecting the X-ray intensities of Ca-Kα, P-Kα, and Ti-Kα. Two pieces of 2.5-mm-thick TW sheet were superimposed, yielding a composite TW of thickness 5.0 mm. HA was produced for this specimen. Afterwards, the degree of coating of surface and inner region were observed by dividing the HATW into two pieces. Prior to EDX analysis, carbon was coated. In this study, the EDX results are corrected with the standardless ZAF (Z: atomic number, A: absorption coefficient, F: fluorescent excitation effect) method. This correction shows a deviation of the measured chemical composition from the true value of the sample.
X-ray diffraction (XRD) measurements
XRD measurements were performed using a Geigerflex diffractometer (Ultima IV, Rigaku, Tokyo, Japan), with Cu-Kα radiation generated at 40 kV and 40 mA. The scan rate was 4 deg/ min with a step size of 0.02° over 2θ /θ range from 5 to 70°.
Morphology of KUSA-A1
KUSA/A1 cells, derived from a stromal cell line originally isolated from long-term bone marrow cultures of C3H/He female mice [9] [10] [11] , were obtained from the RIKEN Cell Bank (Tsukuba, Japan) and maintained by continuous culture at 37 °C in a 5% CO 2 humidified atmosphere. KUSA/A1 cells were expanded for 3-5 days in Dulbecco's modified Eagle's medium (DMEM) paraformaldehyde solution for 20 min at room temperature.
Following fixation, the cells were permeabilized using 0.2%
Triton-X-100 for 2 min and incubated for 30 min with Alexa Fluor rhodamine-phalloidin solution, which specifically binds to actin filaments. The cells were then washed five times with phosphate buffered saline. The cells were analyzed by automated fluorescence microscopy (BZ-9000, Keyence, Osaka, Japan).
In vivo experiment
TW was placed at the bottom of a 50 mL centrifuge tube, and the KUSA/A1 cells were loaded onto the TW by centrifugation 
Results
The macroscopic appearance of the TW with or without HA coating is shown in (Fig.2) . The HATW appears darker and blacker than the HA.
The presence of HA coating not only along the surface but also in the inner region of the TW was confirmed by the elementary mapping of calcium (Ca), phosphorous (P), and titanium (Ti). The HATW surface section shows that HA was coated uniformly except at sites at which fibers bond to each other (Fig. 3) . Within the TW, HA was coated uniformly; however, Ca and P concentrations were lower than those of the surface (Fig. 4 ). growth from the coated amorphous. Most peaks are well assigned to that in standard HA diffraction pattern while significant dicalcium phosphate dihydrate (CaHPO 4 ⋅H 2 O) peak can be seen.
The ability of KUSA-1 cells to organize their actin cytoskeleton during culturing was investigated. Microscopic images after actin staining with rhodamine-phalloidin revealed that osteoblasts spread markedly further on HA film than on untreated TW after 3 h incubation (Fig. 6 ). Expanded osteoblasts with extended cellular processes were seen on HA film, although large numbers of cells were still in a rounded form at this stage. At 24 and 72 h after seeding, the cells were larger than those at 3 h on both surfaces.
However, the cells were larger on HA coating surfaces than on untreated surfaces, at all incubation times (Fig. 6 ).
During the test periods, the experimental animals remained in (Fig.7) .
Discussion
TW is currently being studied as a scaffold material for bone graft substitution. The use of TW as a scaffold material was pioneered by Jansen and his colleagues 1) . PLD is an alternate process by which a thin layer of coating over a metallic substrate can be obtained. In this study, the cytocompatibility of PLDfabricated HATW was investigated. In addition, ectopic bone formation has been compared with HA-coated and uncoated implants loaded with bone marrow stromal cells.
Vehof et al. 12 of the HA onto the TW. EDX analysis indicated that the HA had been coated homogeneously, even deep within the TW structure. The XRD data showed that the amorphous coatings produced by PLD recrystallized to an HA crystal structure after heating for 1 h at 380 °C. The degree and rate of recrystallization were timeand temperature-dependent, with effective recovery of the crystalline structure occurring between 500 °C and 700 °C 13) .
However, a previous study 14) reported that treatment at high temperature decreases the integrity and interfacial bond strength of the HA coatings, which could increase the likelihood of cracking. The ArF PLD method used here may be advantageous for apatite formation on titanium because it provides a thin film with strong crystallinity. The HATW scaffold can support bone growth in nude mice after seeding with osteoblasts derived from the bone marrow.
However, large differences in histological appearance were not observed between HATW and non-coated TW scaffold. We attribute this phenomenon to loading technique of cells onto the scaffold. One of the most common loading techniques is the droplet method 12) , in which droplets of cell suspension with equal volumes and known numbers of cells are placed on top of the scaffold 12) . One advantage of the droplet method is that the number of loaded cells can be standardized. On the other hand, few cells can enter the scaffold inner region owing to the small pore size of the mesh.
In the present study, the KUSA/A1 cells were loaded into TW and HATW scaffold via centrifugation. The strong rotations of the centrifuge may coerce many KUSA/A1 cells into the scaffold.
Thus, the use of mild vacuum loading techniques might enable differences of osteo-differentiation between HATW and noncoated TW to emerge. This type of loading technique removes air from the porous scaffolds, thus enhancing the contact between the scaffold material and cell suspension 12) .
In summary, the present study revealed that the PLD method can effectively deposit HA coating within porous scaffold materials such as TW, as well as on the surface. In addition, the HATW scaffold remained almost completely free of inflammatory cells and supported bone growth in the backs of nude mice after seeding with bone-marrow-derived mouse osteoblasts cells. These results support the use of HATW as a potential scaffold for seeding cells in the development of bioengineering tissues.
